Introduction {#sec1}
============

Aflatoxins are metabolites of *Aspergillus flavus* and related fungi that contaminate food crops.^[@ref1]−[@ref3]^ Aflatoxin B~1~ (AFB) is a mutagen in bacteria,^[@ref2],[@ref4]−[@ref6]^ a carcinogen in fish,^[@ref7],[@ref8]^ a carcinogen in rodents,^[@ref9],[@ref10]^ and is implicated in the etiology of human liver cancer.^[@ref11]−[@ref15]^ Aflatoxin exposures are implicated in mutations to the p53 tumor suppressor gene.^[@ref16]−[@ref22]^ The metabolism of AFB involves oxidation to AFB-*exo*-8,9-epoxide by cytochromes P450^[@ref23]−[@ref26]^.

The short-lived AFB-*exo*-8,9-epoxide([@ref27]) reacts efficiently with duplex DNA to yield the N7-dGuo adduct *trans*-8,9-dihydro-8-(*N*7-guanyl)-9-hydroxyaflatoxin B~1~ (Scheme [1](#sch1){ref-type="scheme"}).^[@ref2],[@ref28]^ This is attributed to intercalation of the epoxide above the 5′ face of deoxyguanosine in duplex DNA,([@ref29]) facilitating the nucleophilic attack by the N7 nitrogen at the C8 carbon of the epoxide.([@ref30]) The cationic N7-dGuo adduct undergoes hydrolysis of the imidazole ring to form the AFB formamidopyrimidine adduct (AFB-FAPY).([@ref31]) The chemistry of the FAPY adduct is complex (Scheme [1](#sch1){ref-type="scheme"}). It can interconvert between α and β deoxyribose anomers.([@ref32]) In duplex DNA, the β-anomer is strongly favored, but in single-strand DNA, a 2:1 α/β equilibrium mixture of anomers is observed.([@ref32]) Additionally, the FAPY adduct can undergo conformational interconversions involving atropisomers about the C5−*N*^5^ bond and geometrical isomers of the formyl moiety.([@ref32])

![Chemistry of the FAPY Adduct Following Base-Catalyzed Ring-Opening of the AFB-N7-dGuo Cationic Adduct[](#sch1-fn1)\
The adduct interconverts between AFB-α-FAPY and AFB-β-FAPY anomers; the equilibrium is dependent on single strand vs duplex DNA environments.([@ref32]) Geometrical isomers of the formamide group and atropisomers about the C5−*N*^5^ bond are also observed.([@ref32])](ja-2009-02052v_0002){#sch1}

The genotoxicity of AFB has been ascribed primarily to the AFB-FAPY adduct, which is strongly mutagenic and induces the G → T transitions([@ref33]) associated with AFB mutagenesis in *Escherichia coli*,([@ref5]) whereas the cationic AFB-dGuo adduct is less mutagenic.([@ref34]) Moreover, the AFB-FAPY adduct is persistent *in vivo*.^[@ref35]−[@ref37]^ Smela et al.([@ref33]) have demonstrated that an oligodeoxynucleotide containing an AFB-FAPY adduct equilibrates between two separable species, one of which is mutagenic, whereas the other blocks DNA replication. These correspond to the α- and β-anomers of the AFB-FAPY adduct; the mutagenic species is the AFB-β-FAPY adduct.([@ref32])

In duplex DNA, the AFB-β-FAPY adduct intercalates with the AFB moiety on the 5′ face of the pyrimidine moiety of the adducted nucleotide,^[@ref38],[@ref39]^ similar to the initially formed cationic adduct.^[@ref40]−[@ref43]^ This results in the *R*~*a*~ axial conformation for the C5−*N*^*5*^ bond linking the pyrimidine ring to the formamido nitrogen. The stability of the AFB-β-FAPY adduct in duplex DNA is attributed to interstrand stacking interactions.^[@ref38],[@ref39]^ In the 5′-d(TXA)-3′ sequence, a hydrogen bond between the exocyclic amino group of the 3′-neighbor adenine and the formamido carbonyl group is consistent with the downfield shift of the amino proton in the ^1^H spectrum.^[@ref38],[@ref39]^ The similar structures of the AFB-dGuo^[@ref40]−[@ref43]^ and AFB-β-FAPY([@ref38]) adducts in duplex DNA are consistent with each producing G → T transversions.

Here, the structure of the AFB-α-FAPY adduct in 5′-d(C^1^T^2^A^3^T^4^[X]{.ul}^5^A^6^T^7^T^8^C^9^A^10^)-3′·5′-d(T^11^G^12^A^13^A^14^T^15^C^16^A^17^T^18^A^19^G^20^)-3′ (X =AFB-α-FAPY) is elucidated using molecular dynamics calculations restrained by NMR-derived distances and torsion angles.^[@ref44]−[@ref47]^ The AFB moiety intercalates above the 5′ face of the damaged base. The FAPY C5−*N*^5^ bond is in the *R*~*a*~ axial conformation, as observed for the AFB-β-FAPY adduct,^[@ref38],[@ref39]^ and the nucleoside and the FAPY base,([@ref32]) which is attributed to stacking preferences of the AFB moiety. Hydrogen bond stabilization of the *E* conformation of the formamide moiety, also seen for the AFB-β-FAPY adduct,^[@ref38],[@ref39]^ suggests DNA sequence modulates the stability and biological processing of AFB adducts. The lower stability of the AFB-α-FAPY as compared to the AFB-β-FAPY adduct^[@ref38],[@ref39]^ is attributed to structural perturbations in the DNA and reduced interstrand stacking interactions.

Results {#sec2}
=======

Sample Preparation {#sec2.1}
------------------

The oligodeoxynucleotide 5′-d(CTAT[G]{.ul}ATTCA)-3′ contained one guanine to avoid formation of regioisomeric AFB-dGuo adducts.([@ref38]) It was desired to utilize dsDNA for the preparation of the adducted sample since the alkylation mechanism involves intercalation of AFB-*exo*-8,9-epoxide.^[@ref29],[@ref30]^ To simplify purification of the 5′-d(CTAT[X]{.ul}ATTCA)-3′ alkylation product, the scaffold 5′-d(AATCATA)-3′ was annealed with 5′-d(CTAT[G]{.ul}ATTCA)-3′, forming a 7-mer duplex with dangling ends. The reaction was maintained at 5 °C and pH 7.8 to minimize depurination of the initially formed cationic N7-dGuo adduct. Alkaline treatment of the cationic adduct yielded a mixture of oligodeoxynucleotides containing either the AFB-α-FAPY or AFB- β-FAPY adducts, identified by mass spectrometry. The FAPY-modified oligodeoxynucleotides were separated by HPLC (Figure [1](#fig1){ref-type="fig"}). The AFB-β-FAPY modified oligodeoxynucleotide eluted as a single peak. The peak containing the AFB-α-FAPY-modified oligodeoxynucleotide exhibited a shoulder. CD spectra showed a negative induced molar ellipticity between 310 and 400 nm for both anomers ([Figure S1](#si1){ref-type="notes"} in the [Supporting Information](#si1){ref-type="notes"}). The UV spectra of the oligodeoxynucleotide containing the AFB-α-FAPY anomer and of its shoulder peak were identical in the 320−380 nm spectral region, but differed in the far-UV region ([Figure S2](#si1){ref-type="notes"} in the [Supporting Information](#si1){ref-type="notes"}). The main peak and the shoulder were collected individually, but re-equilibrated in 30 min at room temperature. The re-equilibration was independent of pH. The oligodeoxynucleotides were maintained at 5 °C and pH 8.0 to minimize the rate of re-equilibration of the two anomers.([@ref32]) The samples were maintained for a period of days, sufficient for NMR experiments (Figure [1](#fig1){ref-type="fig"}).

![HPLC analyses of the AFB-α-FAPY modified duplex, monitored by UV absorbance at 360 nm. (A) Freshly prepared sample. (B) Three days after preparing the sample. The oligodeoxynucleotide containing the AFB-α-FAPY adduct eluted at 20.1 min. The oligodeoxynucleotide containing the AFB-β-FAPY adduct eluted at 19.5 min.](ja-2009-02052v_0003){#fig1}

Thermal Analyses of the AFB-FAPY Modified Duplexes {#sec2.2}
--------------------------------------------------

The thermal denaturation of AFB-α-FAPY and AFB-β-FAPY modified duplexes was monitored by UV hyperchromicity at 260 nm. The unmodified duplex produced a single transition; its *T*~m~ was 36 °C (Figure [2](#fig2){ref-type="fig"}, panel A). The AFB-β-FAPY modified duplex (Figure [2](#fig2){ref-type="fig"}, panel B) produced a single transition at 50 °C during the heating stage. During the cooling stage, a biphasic transition was observed at 50 and 23 °C. The AFB-α-FAPY modified duplex (Figure [2](#fig2){ref-type="fig"}, panel C) produced biphasic transitions at 50 and 23 °C during both heating and cooling cycles.

![Thermal denaturation studies monitored by UV absorbance at 260 nm showing heating (▲) and cooling (Δ) transitions. (A) The unmodified duplex 5′-d(CTAT[G]{.ul}ATTCA)-3′·5′-d(TGAATCATAG)-3′. (B) The duplex containing the AFB-β-FAPY adduct. (C) The duplex containing the AFB-α-FAPY adduct. The solid lines are first derivative curves.](ja-2009-02052v_0004){#fig2}

NMR Spectroscopy of the AFB-α-FAPY Modified Duplex {#sec2.3}
--------------------------------------------------

### (a) Non-Exchangeable DNA Protons {#sec2.3.1}

The resonances were assigned using established strategies ([Figure S3](#si1){ref-type="notes"} in the [Supporting Information](#si1){ref-type="notes"}).^[@ref48]−[@ref50]^ For the modified strand, the C^1^ H6 → C^1^ H1′, C^1^ H1′ → T^2^ H6, T^2^ H6 → T^2^ H1′, T^2^ H1′ → A^3^ H8, A^3^ H8 → A^3^ H1′, A^3^ H1′ → T^4^ H6, and T^4^ H6 → T^4^ H1′ NOEs were observed. There was a break in the sequential NOE connectivity between T^4^ H1′ and X^5^ base protons. At X^5^, the formyl proton of the FAPY base exhibited an NOE to X^5^ H1′, but a NOE between X^5^ H1′ and A^6^ H8 was not observed. The anticipated NOE connectivity A^6^ H8 → T^7^ H1′, T^7^ H1′ → T^8^ H6, T^8^ H6 → T^8^ H1′, T^8^ H1′ → C^9^ H6, C^9^ H6 → A^10^ H8, A^10^ H8 → A^10^ H1′ was observed. For the complementary strand, a break in the sequential connectivity occurred between C^16^ H1′ and A^17^ H8. Two sets of resonances were observed for A^14^ H8 and T^15^ H6 and for several of the C^16^ deoxyribose protons. With the exception of several of the H4′ protons, and the stereotopic assignments of the H5′ and H5′′ sugar protons, assignments were made unequivocally. Comparisons between these NOE intensities and the canonical distances between the H4′, H5′, and H5′′ protons in B-form DNA were used to tentatively assign the H5′′ and H5′′ deoxyribose protons.

### (b) Anomeric Configuration {#sec2.4}

The assignments of the H2′ and H2′′ resonances were based on their relative cross peak intensities to H3′ at NOE mixing times of 80 and 150 ms (Figure [3](#fig3){ref-type="fig"}). The configuration of H1′ was determined by cross peak intensity to H2′ and H2′′.([@ref38]) The intensity of the X^5^ H1′ → X^5^ H2′′ NOE was less than the X^5^ H1′ → X^5^ H2′ NOE, which established the α configuration (Figure [3](#fig3){ref-type="fig"}, panel A).

![Analysis of NOE intensities for the deoxyribose protons. (A) 5′-d(CTAT[X]{.ul}ATTCA)-3′·5′-d(TGAATCATAG)-3′. (B) 5′-d(CT[X]{.ul}A)-3′, X = AFB-α-FAPY.](ja-2009-02052v_0005){#fig3}

### (c) Exchangeable DNA Protons {#sec2.5}

The assignments of Watson−Crick hydrogen-bonded imino and amino protons were made using established methods ([Figure S4](#si1){ref-type="notes"} in the [Supporting Information](#si1){ref-type="notes"}).([@ref51]) There was a break in sequential NOE connectivity between the T^4^ N3H and X^5^ N3H imino resonances. Both T^4^ N3H and X^5^ N3H exhibited NOEs to the AFB methoxy protons. The strong cross peaks from X^5^ N3H to C^16^*N*^4^H1 and C^16^*N*^4^H2 amino protons indicated that Watson−Crick hydrogen bonding between X^5^ and C^16^ was intact. Similarly, the imino resonances for base pairs A^3^·T^18^, T^4^·A^17^, X^5^·C^16^, A^6^·T^15^, T^7^·A^14^, T^8^·A^13^, and C^9^·G^12^ were observed, suggesting Watson−Crick hydrogen bonding was preserved. The imino resonances for the base pairs C^1^·G^20^, T^2^·A^19^, and A^10^·T^11^ were not observed, which was attributed to exchange broadening with water.

### (d) Aflatoxin Protons {#sec2.6}

The AFB H5, H6a, H8, H9, H9a, and -OCH~3~ resonances were assigned from a combination of NOE and chemical shift data.([@ref38]) AFB H6a and H9a were identified from both COSY and NOESY experiments. AFB H8 and H9 were assigned based on NOEs between them and to H6a or H9a. A strong NOE from AFB H5 to AFB -OCH~3~ revealed that the latter resonance was at δ 3.51 ppm, while AFB H5 was at δ 5.7 ppm. The X^5^ CHO resonance was observed at δ 8.3 ppm. The assignment of X^5^ CHO was supported by NOEs to X^5^ H1′ and AFB H8. The cyclopentenone ring protons AFB H2α, H2β, H3α, and H3β were identified from a combination of COSY and NOESY spectra.

### (e) Aflatoxin to DNA NOEs {#sec2.7}

A total of 28 NOEs between AFB and DNA protons were observed (Table [1](#tbl1){ref-type="table"}). The AFB furan protons exhibited NOEs to major groove and imino protons; most were to the 5′-neighboring base-pair T^4^·A^17^ (Figure [4](#fig4){ref-type="fig"}). Thus, H6a and H9a, which are located on the same face of the AFB moiety, both produced NOEs to T^4^ H6 and CH~3~. Weaker NOEs were observed for AFB H8 and H9. The AFB H5 and -OCH~3~ resonances produced NOEs with minor groove and imino protons. These were primarily with base pair T^4^·A^17^ in the 5′-direction and with the nucleotide X^5^. These included NOEs between AFB -OCH~3~ and T^4^ H1′, T^4^ H2′, T^4^ H2′′, T^4^ H5′, T^4^ H3, X^5^ H3, and A^17^ H2. The cyclopentenone ring H2α exhibited NOEs with H1′, H3′, H2′′, H4′, H5, and H6 of C^16^ in the complementary strand.

###### NOEs Observed between the AFB-α-FAPY Adduct and DNA Protons[a](#tbl1-fn1){ref-type="table-fn"}

  AFB-α-FAPY   10-mer ds duplex                                                            tetramer
  ------------ --------------------------------------------------------------------------- ---------------------
  H2α          C^16^ H1′, C^16^ H3′, C^16^ H2′′, C^16^ H4′, C^16^ H5, C^16^ H6, A^17^ H8    
  H2β          A^17^ H8                                                                     
  H3α          A^17^ H3′                                                                    
  H3β          A^17^ H8                                                                     
  H5           A^17^ H2, T^4^ H6, T^4^ H4′                                                 T^4^ H2′, T^4^ H2′′
  H6a          T^4^ CH~3~, T^4^ H6, X^5^ H8                                                 
  H8           X^5^ CHO                                                                    X^3^ CHO
  H9a          T^4^ CH~3~, T^4^ H6, T^4^ H1′, X^5^ H8                                       
  H9                                                                                        
  -OCH~3~      A^17^ H2, T^4^ H1′, T^4^ H2′, T^4^ H2′′, T^4^ H5′, T^4^ H3, X^5^ H3         T^4^ H1′

NOEs involving adenine H2 protons were not included in structural refinement due to the long T~1~ relaxation times associated with these protons.

![A tile plot of an 800 MHz NOESY spectrum obtained at 250 ms mixing time, showing the assignments of AFB-α-FAPY protons and NOEs to neighboring nucleotide protons. The black lines indicate the assignmnents of the AFB-α-FAPY protons and the gray lines indicate NOEs between the AFB moiety and DNA.](ja-2009-02052v_0006){#fig4}

### (f) Chemical Shift Perturbations {#sec2.8}

The ^1^H chemical shifts of the AFB-α-FAPY adducted duplex were compared to those of the nonadducted duplex (Figure [5](#fig5){ref-type="fig"}, [Tables S1 and S2](#si1){ref-type="notes"} in the [Supporting Information](#si1){ref-type="notes"}). Chemical shift perturbations were observed at the X^5^ adduct site and at nucleotides T^4^, A^6^, T^7^, A^14^, T^15^, C^16^, A^17^, and T^18^. The X^5^ N3H imino resonance was shielded 0.4 ppm as compared to the corresponding G^5^ N1H imino resonance in the unadducted duplex. The T^7^, T^8^, and T^15^ N3H imino resonances were deshielded an average of 0.15 ppm. Deshielding of the A^6^ non-Watson−Crick hydrogen bonded exocyclic amine proton is also observed in the AFB-α-FAPY NMR data. In the ^31^P spectrum, relative to other ^31^P resonances in the duplex, the resonance associated with the phosphate group located between C^16^ and A^17^ was deshielded approximately 0.6 ppm ([Figure S5](#si1){ref-type="notes"} in the [Supporting Information](#si1){ref-type="notes"}).

![Chemical shift perturbation of AFB-α-FAPY modified duplex relative to the unmodified oligodeoxynucleotide. (A) The aromatic H6/H8 (black bars) and pyrimidine H5/CH~3~ (white bars) resonances of the modified strand. (B) The aromatic H6/H8 (black bars) and pyrimidine H5/CH~3~ (white bars) resonances of the complementary strand. (C) The deoxyribose resonances H1′ (black bars), H2′ (white bars), H2′′ (dark gray bars), and H3′ (light gray bars) of the modified strand. (D) The deoxyribose resonances H1′ (black bars), H2′ (white bars), H2′′ (dark gray bars), and H3′ (light gray bars) of the complementary strand. (E) The exchangeable N1H/N3H (black bars) resonances. (F) Comparison of deoxyribose resonances H1′ (black bars), H2′ (white bars), H2′′ (dark gray bars), and H3′ (light gray bars) for corresponding nucleotides of the duplex and single strand tetramer.](ja-2009-02052v_0007){#fig5}

Refinement of the AFB-α-FAPY Modified Duplex {#sec2.9}
--------------------------------------------

Structural refinement utilizing a simulated annealing protocol for molecular dynamics calculations restrained by experimentally derived distance and torsion angle restraints, with additional empirical restraints, was accomplished using established methods.^[@ref44]−[@ref47]^ A total of 322 distance restraints as summarized in Table [2](#tbl2){ref-type="table"} were obtained from NOESY data. There were 167 intranucleotide and 155 internucleotide restraints. These included 29 internucleotide restraints involving the AFB-α-FAPY adduct. Additional intradeoxyribose distances were not utilized during structural refinement, but the intensities of the intradeoxyribose NOEs were included in subsequent complete relaxation matrix analysis of the refined structures. A total of 78 backbone torsion restraints were applied; however, at the AFB-α-FAPY adduct, the backbone torsion angles α, β, γ, ε, and ζ were not restrained. With regard to deoxyribose pseudorotation, nucleotides A^3^, X^5^, A^6^, C^9^, G^12^, A^14^, A^17^ were allowed to explore both N and S conformations; the remainder were restrained to the S conformation. A total of 36 empirical Watson−Crick hydrogen bonding restraints were applied, but not at the AFB-α-FAPY adduct. Twenty structures that emerged from the simulated annealing rMD calculations were evaluated by pairwise rmsd analyses. They exhibited a maximum pairwise rmsd value of 2.1 Å for the six core base pairs. Evaluation of sixth root residuals (*R*^1^~*x*~ values) between theoretical and experimental NOE intensities^[@ref52],[@ref53]^ revealed residuals of 8.8 × 10^−2^ (Table [3](#tbl3){ref-type="table"}), in good agreement with NOESY data.

###### Distribution of Restraints Applied to Structural Refinement

                               restraints
  ---------------------------- ------------
  Assigned Distances           233
  Watson−Crick                 36
  Backbone Torsion             78
  Deoxyribose Torsion          100
  Distance:                    322
  Inter-residue                155
  Intraresidue                 167
  Total Restraints             536
  Avg. Restraint per Residue   26

###### Structural Characterization of the AFB-α-FAPY Adduct in Duplex DNA[a](#tbl3-fn6){ref-type="table-fn"}

                                                                                                intra *R*~1~^X^   inter *R*~1~^X^   overall *R*~1~^X^
  --------------------------------------------------------------------------------------------- ----------------- ----------------- -------------------
  ds-α-FAPY-i1[c](#tbl3-fn2){ref-type="table-fn"}                                               11.4              12.9              11.8
  ds-α-FAPY-i2[c](#tbl3-fn2){ref-type="table-fn"}                                               11.2              10.9              11.1
  ds-α-FAPY-i3[c](#tbl3-fn2){ref-type="table-fn"}                                               11.1              11.3              11.2
  ds-α-FAPY-i4[c](#tbl3-fn2){ref-type="table-fn"}                                               11.2              10.9              11.1
  ds-α-\<rMD i\>[d](#tbl3-fn3){ref-type="table-fn"}                                             8.5               9.7               8.8
  ds-α-\<rMD ensemble\>[e](#tbl3-fn4){ref-type="table-fn"}                                      8.4               9.9               8.7
  ds-β-FAPY-iA[b](#tbl3-fn1){ref-type="table-fn"}                                               9.5               12.1              11.5
  ds-β-FAPY-iB[b](#tbl3-fn1){ref-type="table-fn"}                                               8.8               9.9               8.9
  ds-β-FAPY-\<rMDavg\>[b](#tbl3-fn1){ref-type="table-fn"},[f](#tbl3-fn5){ref-type="table-fn"}   8.5               9.5               8.7

Comparison of sixth root residual indices, *R*~1~^X^ (×10^−2^), for starting models and structural ensembles emergent from rMD calculations.

Reported by Mao et al.([@ref38])

Starting structures for rMD calculations using the simulated annealing protocol; i1, i2, i3, i4 represent four separate initial structures.

Starting structure used for isothermal rMD calculations in explicit solvent.

Ensemble of ten structures extracted from the isothermal rMD calculations, calculated with an equal occupancy of 10% for each member of the ensemble.

\<rMD~avg~\> reported as average of 12 rMD structures starting from either A-form or B-form structures as reported by Mao et al.([@ref38])

Isothermal rMD Calculations in Explicit Solvent {#sec2.10}
-----------------------------------------------

To examine the dynamics of the refined structure and to analyze hydrogen bond occupancies involving the formamido group of the FAPY moiety, 5 ns of equilibrium rMD calculations were performed in explicit solvent, using a procedure similar to that of Aramini et al.([@ref47]) The 5 ns rMD trajectory was analyzed for occupancies of hydrogen bonding motifs. Hydrogen bond occupancies were calculated using a distance cutoff of 3.5 Å and an angle cutoff of 120°. On this basis, the A^6^ H61 non-Watson−Crick hydrogen bonded exocyclic amine proton satisfied hydrogen bond criteria with the X^5^ formyl oxygen for 95% of the trajectory.

![Stereoview of nine superimposed structures of the AFB-α-FAPY modified duplex extracted from isothermal rMD calculations in explicit solvent (PDB ID: [2KH3](2KH3)). The AFB moiety and the formyl oxygen are depicted in red. The *R*~1~^x^ residual of 8.7 × 10^−2^ for the ensemble indicates agreement with NOESY data (Table [3](#tbl3){ref-type="table"}).](ja-2009-02052v_0008){#fig6}

Structure of the AFB-α-FAPY Modified Duplex {#sec2.11}
-------------------------------------------

Expanded views of the structure are shown in Figure [7](#fig7){ref-type="fig"}. The AFB moiety intercalated above the 5′-face of the modified nucleotide X^5^ and between base pairs T^4^·A^17^ and X^5^·C^16^, causing the rise between these base pairs to increase from 3.4 to 7.0 Å. In addition, the duplex unwound by 15° relative to the unmodified duplex. The FAPY moiety was in the *R*~*a*~ conformation about the C5−*N*^5^ bond. The A^6^ H61 non-Watson−Crick hydrogen bonded exocyclic amine proton was within hydrogen bonding distance of the X^5^ formyl oxygen; this positioned the formamide in the *E* conformation. The deoxyribose moiety of the AFB-α-FAPY adduct was also altered as compared to the AFB-β-FAPY adduct;([@ref38]) it was approximately parallel to the FAPY base (Figure [7](#fig7){ref-type="fig"}). Perturbations of the AFB-α-FAPY duplex resulted from altered intercalation of the AFB moiety between base pairs T^4^·A^17^ and X^5^·C^16^ (Figure [8](#fig8){ref-type="fig"}). The AFB moiety exhibited favorable stacking between AFB and the X^5^ pyrimidine moiety. However, there was reduced interstrand stacking between AFB and C^16^ of the complementary strand. At the AFB-FAPY modified X^5^ nucleotide, the relative differences in backbone torsion angles for the duplexes containing AFB-α-FAPY and AFB-β-FAPY^38^ adducts were as follows: α, 50°; β, 16°; γ, −21°; δ, 9°; ε, 243°; ζ, −215° (Table [4](#tbl4){ref-type="table"}); the result was that the phosphate groups were oriented approximately orthogonal relative to each other (Figure [9](#fig9){ref-type="fig"}).

![(A) Refined structure of the AFB-β-FAPY adduct in duplex DNA (PDB ID: [1HM1](1HM1)).([@ref38]) (B) Refined structure of the AFB-α-FAPY adduct in duplex DNA (PDB ID: [2KH3](2KH3)). (C) Molecular model of the AFB-α-FAPY adduct the single stranded tetramer (PDB ID: [2KH4](2KH4)).](ja-2009-02052v_0009){#fig7}

![Stacking interactions of AFB-α-FAPY adduct in single-strand (molecular modeling) and duplex DNA (refined structure) compared with the stacking interactions of the AFB-β-FAPY adduct (refined structure) in duplex DNA. (A) The AFB-β-FAPY adduct in duplex DNA (PDB ID: [1HM1](1HM1)).([@ref38]) (B) The AFB-α-FAPY adduct in duplex (PDB ID: [2KH3](2KH3)). (C) The AFB-α-FAPY adduct as modeled in the tetramer 5′-d(CT[X]{.ul}A)-3′ (PDB ID: [2KH4](2KH4)).](ja-2009-02052v_0010){#fig8}

###### Comparison of X^5^ FAPY Nucleotide Torsion Angles[a](#tbl4-fn1){ref-type="table-fn"}

  angle             AFB-β-FAPY dsDNA[b](#tbl4-fn2){ref-type="table-fn"}   AFB-α-FAPY dsDNA   AFB-α-FAPY ssDNA
  ----------------- ----------------------------------------------------- ------------------ ------------------
  α                 −34                                                   −84                −75
  β                 −155                                                  −171               178
  γ                 24                                                    46                 −46
  δ                 148                                                   139                158
  ε                 138                                                   −105               −101
  ζ                 −98                                                   118                82
  O4′-C1′-N^6^−H6   112                                                   −77                −58
  H6−N^6^−C6-C5     33                                                    −129               −44

Angles were measured using the program CHIMERA.([@ref54])

From Mao et al.([@ref38])

![Overlay of AFB-α-FAPY and AFB-β-FAPY adducts, showing differences in phosphodiester backbone geometry. AFB-β-FAPY is depicted with light gray carbon atoms and green hydrogen atoms. AFB-α-FAPY is depicted with dark gray carbon atoms and white hydrogen atoms. In both structures, oxygen atoms are red and phosphorus atoms are orange.](ja-2009-02052v_0011){#fig9}

The AFB-α-FAPY Modified Tetramer {#sec2.12}
--------------------------------

The tetramer 5′-d(C^1^T^2^X^3^A^4^)-3′ modeled the AFB-α-FAPY adduct in the single strand. NMR experiments were conducted at 0.5 mM concentration, to minimize the potential for self-association by the tetramer, for example, as has been reported for 5′-d(CTGA)-3′([@ref55]) and 5′-d(CGA)-3′.([@ref56]) Under these conditions, no self-association of the 5′-d(C^1^T^2^X^3^A^4^)-3′ tetramer was observed. At 7 °C, no resonances from exchangeable protons were observed, suggesting that the tetramer did not form interstrand hydrogen bonds. Only intranucleotide NOEs were observed, which was attributed to the disorder of the single stranded oligomer. The C^1^ and T^2^ spin systems were identified from COSY spectra on the basis of ^3^*J*~H5−H6~ and ^4^*J*~CH3-H6~ couplings, respectively. The A^4^ assignment was based on the chemical shifts of the aromatic signals and was consistent with published values.([@ref55]) The X^3^ resonances were assigned via a process of elimination. When the chemical shifts of nucleotides T^2^, X^3^, and A^4^ of the tetramer were compared to the corresponding nucleotides T^4^, X^5^ and A^6^ of the duplex, the former were deshielded an average of 0.5 ppm relative to those of the duplex (Panel F of Figure [5](#fig5){ref-type="fig"}). The deoxyribose spin systems were assigned by NOE correlations between deoxyribose H1′ and H2′ protons and pyrimidine H6 and purine H8 protons. The intensity of the X^5^ H1′ → X^5^ H2′′ NOE was less than the X^5^ H1′ → X^5^ H2′ NOE, which established the α configuration (Figure [3](#fig3){ref-type="fig"}, panel B). The AFB H5, H6a, H8, H9, H9a, and -OCH~3~ resonances were assigned from COSY and NOESY data.([@ref38]) A strong NOE from AFB H5 to AFB -OCH~3~ revealed that the latter resonance was at δ 3.76 ppm. The AFB H5 and X^5^ CHO proton resonances were observed at δ 5.7 and 8.3, respectively. The X^5^ CHO proton had a NOE cross peak with AFB H8. A single resonance assigned as the formyl proton was observed at 8.3 ppm in spectra acquired at 5 °C; it exhibited a strong NOE to the AFB H8 proton ([Figure S6](#si1){ref-type="notes"} in the [Supporting Information](#si1){ref-type="notes"}). At 30 °C, an additional sharp resonance was observed at δ 7.5 ppm, which produced a weak NOE to AFB H8. This was assigned as the formyl resonance arising from the *Z* configuration of the formamide. The two formyl resonances did not exhibit a chemical exchange cross peak.

Structure of the AFB-α-FAPY Adduct in Single-Strand DNA {#sec2.13}
-------------------------------------------------------

The only AFB internucleotide NOEs involved the AFB H5 and -OCH~3~ to the T^2^ H1′, T^2^ H2′, and T^2^ H2′′ deoxyribose protons ([Figure S7](#si1){ref-type="notes"} in the [Supporting Information](#si1){ref-type="notes"}). Internucleotide NOEs between the AFB moiety and the 3′-neighbor A^4^ were not observed. This established that the AFB moiety was located above the 5′-face of the pyrimidine moiety at the adducted nucleotide, and was located between nucleotides T^2^ and X^3^. This resulted in the C5−*N*^5^ bond of the FAPY adduct being in the *R~a~* axial conformation. The *E* conformation for the AFB formamide was assigned on the basis of its 8.3 ppm chemical shift,([@ref32]) and was corroborated by a strong NOE between the formyl proton and AFB H8. The intensities of the NOEs for the deoxyribose resonances indicated that the nucleotide remained as the α-anomer (Figure [3](#fig3){ref-type="fig"}).

It was not possible to refine the structure of the AFB-α-FAPY adduct in the tetramer due to the low number of NOEs that were observed. However, molecular modeling studies, in which the AFB moiety was placed above the 5′-face of the pyrimidine moiety at the damaged nucleotide, and in which the *R~a~* axial conformation of the FAPY C5−*N*^5^ bond and the *E* conformation for the AFB formamide were maintained as suggested by the NMR data, indicated that in the tetramer the structure of the AFB-α-FAPY adduct was likely to be similar to that observed in the duplex (Figure [7](#fig7){ref-type="fig"}). The A^4^ non-Watson−Crick exocyclic amine proton was within hydrogen bonding distance of the X^5^ formyl oxygen. This held the formyl group in the *E* geometrical configuration. The phosphodiester backbone torsion angles at the X^5^ nucleotide are listed in Table [4](#tbl4){ref-type="table"}. The relative differences in backbone torsion angles between the AFB-α-FAPY adduct in duplex and in the tetramer were the following: α, −9°; β, −349°; γ, 91°; δ −19°; ε, −4.5°; ζ, 36°. At the adduct site X^5^, the deoxyribose was approximately orthogonal to the pyrimidine moiety, with O4′ oriented in the 3′ direction (Figure [7](#fig7){ref-type="fig"}, panel C); this differed from the structure of the AFB-β-FAPY adduct in duplex DNA for which O4′ was oriented in the 5′ direction (Figure [7](#fig7){ref-type="fig"}, panel A).

Discussion {#sec3}
==========

The AFB-α-FAPY Adduct in Duplex DNA {#sec3.1}
-----------------------------------

The break in the sequential NOE connectivity for the adducted strand between T^4^ H6 and X^5^ H1′ and the corresponding break in connectivity for the complementary strand between C^16^ H1′ and A^17^ H8 provides evidence that the AFB moiety is intercalated between base pairs T^4^·A^17^ and X^5^·C^16^. Thus, the AFB moiety intercalates above the 5′-face of the adducted pyrimidine base in double-stranded DNA. In this duplex, the axial conformation of the pyrimidine C5−*N*^5^ bond is *R*~*a*~. In the same oligodeoxynucleotide sequence, the AFB-β-FAPY adduct also exhibited the *R*~*a*~ conformation.([@ref38]) For the AFB-α-FAPY adduct, the formyl group is positioned to hydrogen bond with the A^6^ non-Watson−Crick exocyclic amine proton. No evidence is found for equilibration between *R*~*a*~ and *S*~*a*~ atropisomers. For the *S*~*a*~ isomer, Watson−Crick base-pairing would position the AFB moiety on the 3′ face, rather than on the 5′-face of the adducted pyrimidine. Thus, the preference for the *R*~*a*~ atropisomer and 5′-intercalation of the AFB moiety is observed irrespective of the anomeric configuration of the deoxyribose.

Comparison with the AFB-β-FAPY Adduct in Duplex DNA {#sec3.2}
---------------------------------------------------

While the AFB-α-FAPY and AFB-β-FAPY adducts maintain similar 5′-intercalated structures in duplex DNA, for the AFB-α-FAPY adduct, maintaining this structure comes at a high price. The α deoxyribose anomer disrupts the right-handed helical structure of DNA. Intercalation of the AFB moiety induces perturbations in the phosphodiester backbone of the AFB-α-FAPY modified duplex. Differences of \>100° in the phosphodiester ε and ζ backbone torsion angles are observed when the oligodeoxynucleotide containing the AFB-α-FAPY is compared with that containing the AFB-β-FAPY adduct (Figure [9](#fig9){ref-type="fig"}).([@ref38]) Germann and co-workers also concluded that the introduction of α anomeric nucleotides into DNA induces distortions of the phosphodiester backbone.^[@ref47],[@ref57]−[@ref60]^ Additionally, the backbone distortions are accompanied by differences in the orientations of the deoxyribose moieties of AFB-α-FAPY and AFB−β-FAPY adducts (Figure [8](#fig8){ref-type="fig"}). For the AFB-α-FAPY adduct, the deoxyribose is parallel to the FAPY base and displaced toward the minor groove by 2 Å. The α deoxyribose of AFB-FAPY is not orthogonal to the modified base as was observed for the α-adenosine nucleotide in duplex DNA,([@ref47]) suggesting the distorted deoxyribose geometry results from the intercalated AFB and not the α-anomer itself. For the β-anomer, the deoxyribose is orthogonal to the plane of the FAPY base, similar to canonical DNA bases.([@ref38]) In the AFB-β-FAPY modified duplex, the AFB moiety is intercalated such that it stacks not only with T^4^ and the X^5^ pyrimidine ring in its own strand, but also with A^17^ and C^16^ of the complementary strand.^[@ref38],[@ref39]^ In contrast, for the AFB-α-FAPY modified duplex, the AFB moiety maintains stacking between T^4^ and the X^5^ pyrimidine ring, but stacking is reduced with A^17^ and C^16^ in the complementary strand (Figure [8](#fig8){ref-type="fig"}). This difference in stacking is consistent with differences in the CD ([Figure S1](#si1){ref-type="notes"} in the [Supporting Information](#si1){ref-type="notes"}) and UV ([Figure S2](#si1){ref-type="notes"} in the [Supporting Information](#si1){ref-type="notes"}) spectra relative to the duplex containing the AFB-β-FAPY adduct; the CD spectrum shows a greater negative induced molar ellipticity at 310−400 nm.^[@ref61]−[@ref63]^

The differences in the phosphodiester backbone conformations and in stacking between the AFB-α-FAPY and AFB-β-FAPY adducts explain the lower *T*~m~ value for the duplex containing the AFB-α-FAPY adduct. The biphasic melting transition of the duplex containing the AFB-α-FAPY adduct, with the initial *T*~m~ value of 23 °C followed by a second transition at 50 °C (Figure [2](#fig2){ref-type="fig"}, panel C), is interpreted in terms of an initial melting of the duplex containing the less favored AFB-α-FAPY configuration with subsequent isomerization to the preferred AFB-β-FAPY configuration, which produces the 50 °C transition. The AFB-β-FAPY adduct differs from the AFB-α-FAPY adduct in that it stabilizes this duplex with respect to the unadducted duplex, leading to a *T*~m~ of 50 °C, that is, a 14 °C rise (Figure [2](#fig2){ref-type="fig"}, panel B). Above the *T*~m~, equilibration to a mixture of α- and β-anomers occurs, leading to a biphasic cooling transition in both the AFB-α-FAPY and AFB-β-FAPY samples. The role of base stacking in modulating nucleic acid stability is apparent.^[@ref64]−[@ref68]^ The stability of the AFB-β-FAPY modified duplex has been attributed to favorable stacking of the intercalated AFB moiety,^[@ref38],[@ref39]^ and the reduction of AFB stacking is credited with reduced stability of the AFB-α-FAPY modified duplex.

The AFB-α-FAPY Adduct in Single-Strand DNA {#sec3.3}
------------------------------------------

The shielding of AFB H5, H6a, H8, and H9 resonances is consistent with the stacking of the AFB moiety with neighboring nucleotides. The chemical shift values are in agreement with those observed for the AFB-α-FAPY modified duplex, with the exception of AFB H9a (δ 3.66 tetramer; δ 3.47 duplex). The downfield shift of AFB H9a in the tetramer is indicative of reduced stacking of the furan portion of the AFB moiety in the tetramer. Several key NOEs are observed, locating the AFB moiety above the 5′ face of the pyrimidine moiety of the damaged nucleotide. Although the inability to observe many internucleotide NOEs diminishes the detail with which the structure of the AFB-α-FAPY can be defined in single-strand DNA, the data suggest that the structure of the AFB-α-FAPY adduct in single-stranded DNA is similar to that in double-stranded DNA. This suggests that stacking permits the AFB moiety to escape from the aqueous environment. The concept of 'hydrophobic bonding', introduced by Nemethy and Scheraga,([@ref69]) is important in protein folding^[@ref70]−[@ref74]^ but is equally important in stabilizing DNA.^[@ref68],[@ref75],[@ref76]^ Interestingly, stacking of the AFB moiety on the 5′ face of the pyrimidine moiety at the adduct site is favored both for double- and single-stranded DNA, suggesting that this orientation produces better stacking with the neighboring nucleobases than would occur on the 3′ face of the pyrimidine moiety. This is a function of the asymmetry of AFB itself, not the configuration of the deoxyribose or structure of the oligodeoxynucleotide because the preference for 5′ stacking was observed in our previous study of the configuration of the AFB-β-FAPY adduct in the nucleoside and even in the base.([@ref32]) Thus, stacking interactions alone are sufficient to lead to the *R*~*a*~ preference.

Role of Hydrogen Bonding {#sec3.4}
------------------------

In this DNA duplex, the formamide moiety of the AFB-α-FAPY adduct is held in the *E* configuration by a hydrogen bond between the formyl oxygen and the *N*^6^ non-Watson−Crick hydrogen bonded exocyclic amine proton of the 3′ neighboring A^6^. Analysis of rMD trajectories indicates 95% occupancy for this hydrogen bond (Table [4](#tbl4){ref-type="table"}). Mao et al.([@ref38]) reported a similar hydrogen bond with the 3′-neighboring adenine for the AFB-β-FAPY adduct, and correlated this with the deshielding of the A^6^ exocyclic amine proton; deshielding of the A^6^ non-Watson−Crick hydrogen bonded exocyclic amine proton is also observed in the AFB-α-FAPY NMR data. Additional evidence for the presence of this hydrogen bond comes from the observation of a strong NOE between the formamide proton and AFB H8. In this duplex, the preference of both anomers for the *E* conformation differs from the situation at the nucleoside level, where the *Z* conformation is favored.([@ref32])

HPLC analysis of the strand containing the AFB-α-FAPY adduct revealed a shoulder on the chromatographic peak (Figure [1](#fig1){ref-type="fig"}). The shoulder species rapidly equilibrates with the major component in a pH-independent fashion and, therefore, is assigned as the non-hydrogen bonding *Z* geometrical isomer of the formamide. The oligomer containing the AFB-β-FAPY adduct did not show a shoulder meaning that either the adenine hydrogen bond is stronger for the β-anomer or the geometrical isomers coelute. Moreover, for the duplex containing the AFB-α-FAPY adduct, a second formamide resonance appears at 30 °C that has only a weak NOE to H8 and is assigned as the *Z* conformation ([Figure S3](#si1){ref-type="notes"} in the [Supporting Information](#si1){ref-type="notes"}).

The discovery of this hydrogen bond and its effect on adduct structure suggests that other sequences should be studied. A neighboring cytosine might provide similar stabilization of the *E* conformation but a thymine would not. We have, as yet, little insight on the effects of 5′ neighbors, but the 5′-thymine may not be optimal due to steric interference with intercalation by the methyl group. Thus, a C:G pair on the 5′ side of the adduct might lead to improved duplex stability. Modifications of AFB that decrease planarity or increase bulk of the cyclopentenone ring interfere with equilibrium binding to DNA and reduce the efficiency of reactions of the epoxides with DNA.^[@ref77],[@ref78]^

Biological Implications {#sec3.5}
-----------------------

A broad picture has emerged concerning the chemistry of AFB FAPY adducts in DNA and their biological ramifications. Opening of the imidazole ring of the initially formed cationic AFB-N7-dGuo adduct^[@ref2],[@ref28]^ yields the AFB-β-FAPY adduct^[@ref31],[@ref32]^ (Figure [8](#fig8){ref-type="fig"}, panel A), which stabilizes duplex DNA by improved stacking interactions (Figure [9](#fig9){ref-type="fig"}, panel A).^[@ref38],[@ref39]^ The AFB-β-FAPY adduct is highly mutagenic in *E. coli* (36%) and is postulated to be predominantly responsible for the genotoxicity associated with AFB exposures.([@ref33]) In single strand DNA, the lack of the complementary strand facilitates the epimerization of the deoxyribose and the formation of an equilibrium mixture of α and β FAPY anomers, with the α-anomer predominating in this sequence context.([@ref33]) The position of the equilibrium is controlled by a number of factors, including optimization of intrastrand stacking interactions between the AFB moiety and its neighboring base pairs, and the shielding of the hydrophobic AFB moiety from solvent (Figure [9](#fig9){ref-type="fig"}, panel C). The single strand DNA, the AFB moiety of the AFB-α-FAPY adduct lies on the 5′ face of the pyrimidine moiety at the adducted base with the deoxyribose ring orthogonal to the base and the 5′ phosphate group protruding into solvent (Figure [8](#fig8){ref-type="fig"}, panel C); the deoxyribose conformation is similar to that of α-adenosine in duplex DNA.([@ref47]) Upon annealing with a complementary strand of DNA, the presence of the α-anomer distorts the phosphodiester backbone and base stacking register, thus, lowering the thermal stability of the resulting duplex. This is apparent in the inability of the deoxyribose moiety of the α-anomer to remain orthogonal to the FAPY base in duplex DNA (Figure [7](#fig7){ref-type="fig"}). Consequently, the AFB-α-FAPY adduct reverts to AFB-β-FAPY (Figure [8](#fig8){ref-type="fig"}, panel A).([@ref32])

Anomerization in single strand DNA is slow at physiological pH;([@ref32]) it may be so slow that DNA polymerases will not encounter significant amounts of the AFB-α-FAPY adduct, which blocks DNA replication in *E. coli*.([@ref33]) However, in the presence of histones and multicomponent protein arrays involved in replication and repair, anomerization could be faster. Also, the study of replication across the two anomers of AFB-FAPY was carried out in *E. coli*;([@ref33]) eukaryotes may have alternative pathways available for bypass of the AFB-α-FAPY adduct. Finally, the mutagenesis studies utilized a sequence in which the 3′-neighbor nucleotide was an adenine. The present study of AFB-α-FAPY and the studies of the AFB-β-FAPY^[@ref38],[@ref39]^ adduct reveal that the 3′-neighbor adenine holds the formamide in the normally less stable *E* configuration. This may not be true in other sequences, potentially enabling the bypass of the AFB-α-FAPY adduct. The effects of each of the two anomers of the AFB-FAPY adduct upon DNA repair also remains to be determined. In *E. coli*, the rate of incision by UvrABC endonuclease on AFB-FAPY adducts varies by sequence, with those containing a 3′-neighbor dA being more resistant to cleavage.([@ref79]) While not reported, the anomeric status of the AFB-FAPY adduct was probably β, because it involved double-stranded DNA.

Experimental Section {#sec4}
====================

Chemicals {#sec4.1}
---------

The oligodeoxynucleotides 5′-d(CTATGATTCA)-3′, 5′-d(TGAATCATAG)-3′, 5′-d(AATCATA)-3′, and 5′-d(CTGA)-3′ were purchased from Midland Certified Reagent Co. (Midland, TX) and purified by reverse-phase HPLC. Their concentrations were measured by UV absorbance at 260 nm.([@ref80]) Dimethyldioxirane was synthesized and assayed as described;^[@ref81]−[@ref83]^ solutions were stored over anhydrous MgSO~4~ at −20 °C and used within 1 week of preparation. AFB was purchased from Aldrich Chemical Co. (Milwaukee, WI). AFB *exo*-8,9-epoxide was prepared as described.([@ref84])*Caution*: *AFB is a potent liver toxin and is genotoxic, and it should be presumed that AFB exo-8,9-epoxide is highly toxic and genotoxic. Crystalline aflatoxins are particularly hazardous due to their electrostatic nature. AFB can be destroyed by oxidation with NaOCl. Manipulations should be carried out in a well-ventilated hood with suitable containment procedures.*

Sample Preparation {#sec4.2}
------------------

The oligodeoxynucleotide 5′-d(CTAT[G]{.ul}ATTCA)-3′, containing the targeted N7-dGuo alkylation site (underlined), was annealed with 5′-d(AATCATA)-3′ in 100 mL of 100 mM sodium phosphate buffer (pH 6.5) to form a partially double-stranded scaffold. AFB *exo*-8,9-epoxide (1 mg) was dissolved in 100 μL of anhydrous CH~2~Cl~2~ to produce a 3.2 mM solution. The epoxide was added in two 50 μL aliquots to the oligodeoxynucleotide solution at 5 °C, to create a 5:1 AFB *exo*-8,9-epoxide/oligodeoxynucleotide molar ratio. The biphasic mixture was stirred at 5 °C for 15 min. The product 5′-d(CTAT[X]{.ul}ATTCA)-3′ (X = AFB-N7-dGuo) was separated from 5′-d(CTAT[G]{.ul}ATTCA)-3′ and 5′-d(AATCATA)-3′ using HPLC (Gemini C-18 250 mm × 10 mm column, Phenomenex, Inc., Torrance, CA) at a flow rate of 2 mL/min, with a linear 25 min gradient of 6−30% CH~3~CN in 0.1 M ammonium formate (pH 8.0). The eluant was monitored by UV absorbance at 260 and 360 nm. The yield of 5′-d(CTAT[X]{.ul}ATTCA)-3′ (X = AFB-N7-dGuo) was 90%. The 5′-d(CTAT[X]{.ul}ATTCA)-3′ (X = AFB-N7-dGuo) was suspended in 500 mL of 100 mM Na~2~CO~3~ at 37 °C (pH 10). The AFB-α-FAPY and AFB-β-FAPY modified oligodeoxynucleotides were separated by HPLC as described above and collected in a saturated Na~2~HPO~4~ solution. The AFB-α-FAPY modified 5′-d(CTAT[X]{.ul}ATTCA)-3′ oligodeoxynucleotide was desalted using a C-18 Sep-Pak cartridge (Waters Corp, Milford, MA) before annealing with 5′-d(TGAATCATAG)-3′ in a 1:1 molar ratio in 0.2 M sodium phosphate, 0.1 M NaCl, 10 mM NaN~3~, and 50 μM Na~2~EDTA (pH 8.7) to yield a duplex concentration of 1 mM. For the tetramer 5′-d(CTGA)-3′, the adduction reaction utilized a 5:1 epoxide/oligodeoxynucleotide ratio that provided a 40% yield of adducted tetramer at strand concentrations \>1 mM. Its purification, conversion to the FAPY adduct, and isolation of the oligodeoxynucleotide containing the AFB-α-FAPY adduct followed the protocols described above. All samples were stored at 5 °C except during spectroscopic measurements.

Thermal Melting {#sec4.3}
---------------

UV thermal melting analyses were conducted in 1 mL of 10 mM sodium phosphate, 0.5 M NaCl, and 5 mM Na~2~EDTA (pH 7.0) and monitored at 260 nm. The concentration of all samples was maintained at 0.1 *A*~260~ unit under denaturing conditions. The *T*~m~ values were determined from first derivatives of the absorbance versus temperature curves. The experiments temperature range was 5−80 °C.

NMR Spectroscopy {#sec4.4}
----------------

Spectra were recorded at ^1^H frequencies of 500, 600, and 800 MHz. To examine nonexchangeable protons, samples were suspended in D~2~O. For observation of exchangeable protons, samples were suspended in 9:1 H~2~O/D~2~O. The programs XWINNMR and TOPSPIN (Bruker, Inc., Billerica, MA) were used for data processing. Resonance assignment and peak integration were performed using the program SPARKY.([@ref85]) COSY spectra were conducted in double quantum filtered (DQF)([@ref86]) and magnitude modes. A series of experiments were collected at NOE mixing times of 80, 150, 200, and 250 ms; the NOESY spectra for the single strand tetramer samples were collected at mixing times of 250 and 300 ms. NOESY^[@ref87],[@ref88]^ experiments used for the assignment of exchangeable protons used the watergate pulse sequence.([@ref89]) Water suppression for heteronuclear ^1^H−^31^P correlation([@ref90]) experiments was achieved with the Dante pulse sequence.([@ref91]) Pulses were optimized for 12 Hz ^3^*J*~PH~ coupling constants.

NMR Restraints {#sec4.5}
--------------

NOE intensities were determined from integration of cross-peak volumes using the program SPARKY.([@ref85]) Experimental intensities were combined with those generated from complete relaxation matrix analysis of a model structure, using established methodologies,([@ref44]) to produce a hybrid intensity matrix.^[@ref52],[@ref53]^ The program MARDIGRAS,^[@ref92],[@ref93]^ using the RANDMARDI^[@ref94],[@ref95]^ function, was used to refine the hybrid intensity matrix. Calculations at NOE mixing times of 80, 150, 200, and 250 ms were conducted using isotropic correlation times of 2, 3, 4, and 5 ns; analysis of the resulting distances produced the distance restraints used in rMD calculations. Torsion angle restraints were determined from ^31^P−^1^H heterocorrelation, DQF-COSY, and NOESY spectra. Phosphodiester backbone restraints^[@ref96]−[@ref98]^ were applied to the α, β, γ, ν~0~−ν~4~ angles except that the backbone torsion angles at X^5^ and C^16^ were not restrained. The χ~0~ to χ~4~ deoxyribose torsion angles were determined by pseudorotation analysis.([@ref99]) For the N-type conformation, the phase angle ρ was restrained between 0° and 205°, and for the S-type conformation, the phase angle ρ was restrained between 110° and 205°.

Structural Refinement {#sec4.6}
---------------------

The refinement used a simulated annealing rMD protocol involving established methods,^[@ref44]−[@ref47]^ and employing generalized Born solvation^[@ref100],[@ref101]^ with the AMBER([@ref102]) force field. A 15 Å cutoff for nonbonded interactions was used, and bond lengths involving hydrogen were fixed using the SHAKE algorithm.([@ref103]) The emergent structures from 20 calculations with different starting velocities were analyzed as to pairwise rmsd deviations. This provided a measure of the precision of the calculations. Complete relaxation matrix analysis was performed using the program CORMA.^[@ref52],[@ref53]^ This provided a measure of the accuracy of the calculations. The output from the simulated annealing calculations was also validated with respect to restraint violations. Graphical analysis was performed with InsightII (Accelrys, San Diego, CA) and CHIMERA.([@ref54])

Isothermal rMD Calculations in Explicit Solvent {#sec4.7}
-----------------------------------------------

The starting structure was a representative potential energy minimized structure from the ensemble of refined structures for the duplex containing the AFB-α-FAPY adduct emergent from the simulated annealing calculations.([@ref44]) The DNA was neutralized with Na^+^ ions and placed in a truncated octahedral TIP3P water box with periodic boundaries at a distance of 8 Å from the solute. Sodium ions were constrained to be proximate to sequential backbone phosphates using restraints having a lower bound of 3.0 Å and an upper bound of 8.0 Å. The solvated system was energy minimized for 500 steps of steepest descents followed by 500 steps of conjugate gradients at constant volume with the solute held fixed. Next, the system was subjected to potential energy minimization at a constant volume for 2500 steps with no positional restraints. The system was subsequently heated to 300 K over 100 ps. The experimental distance and torsion angle restraints and empirical restraints (*vide supra*) were increased linearly during the heating. Isothermal rMD calculations were performed for 5 ns at 300 K using the AMBER([@ref102]) force field, restrained by experimental distance and torsion angle restraints and empirical restraints. The temperature was maintained using the Langevin thermostat^[@ref104],[@ref105]^ with a collision frequency of 1 ps^−1^. Electrostatic interactions were treated with the particle mesh Ewald (PME) method.([@ref106]) A 15 Å cutoff for nonbonded interactions was used. Bond lengths involving hydrogen were fixed using the SHAKE algorithm.([@ref103]) The trajectories were analyzed with the programs PTRAJ and SUPPOSE.([@ref102])
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The Supporting Information includes Table S1, resonance assignments for the AFB-α-FAPY modified tetramer, and Figures S1, circular dichroism of AFB-FAPY anomers in oligodeoxynucleotides; S2, UV spectra of AFB-α-FAPY-modified 5′-d(CTAT[X]{.ul}ATTCA)-3′; S3, sequential connectivity NOEs for the AFB-α-FAPY modified duplex; S4, imino and amino resonance assignments for AFB-α-FAPY modified duplex; S5, ^31^P NMR for the AFB-α-FAPY-modified duplex and tetramer; S6, ^1^H NMR spectra of tetramer formamide protons; and S7, NOE assignments of involving AFB for the AFB-α-FAPY modified tetramer. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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